Abstract: This paper presents a selective harmonic-based pilot protection scheme for detecting faults happened in the DC transmission section of VSC-MTDC grids with pulse width modulation (PWM) voltage source converters (VSCs). When a DC fault occurs in VSC-MTDC grids with PWM converters, first carrier frequency harmonic (FCFH) currents will be generated by all VSCs through the grid. FCFH currents have different flowing directions depending on the characteristics and the location of the fault. According to the characteristics of the existing FCFH in the fault currents, a selective pilot protection algorithm is designed for VSC-MTDC grids. Considering the internal and external DC transmission faults for specific zones, and the circulating flow of FCFH current in the DC link capacitors, the relays cannot detect FCFH currents for external faults, while for the internal faults, FCFH currents are clearly detected. To design the selective protection algorithm, Hilbert-Huang transform (HHT) is used to detect the instantaneous frequency and the instantaneous amplitude of the high frequency intrinsic mode function (IMF)s, which are extracted from the fault current waves. Multiple faults with different characteristics are applied to CIGRE DCS-2 VSC-MTDC grid with two-level and three-level VSCs modeled in PSCAD, and the HHT-based selective protection scheme is designed in MATLAB. According to the results, the proposed algorithm can truly discriminate between internal and external faults.
Introduction
High voltage direct current transmission (HVDC) systems play a major role in bulk electrical power transmission. HVDC links with voltage source converters (VSC-HVDC) have remarkable advantages over traditional line commutated HVDC (LCC-HVDC) links and they are getting increasing attention to be considered as the main technology for future HVDC installations [1] . The important advantages of VSC-HVDC systems are the bidirectional flowing of power and enabling multi-terminal VSC-HVDC (VSC-MTDC) grids [2] , which are more flexible for power transmission between multiple AC regions [3] . However, technical challenges exist in the protection and control of VSC-MTDC networks [4] . Fast fault isolation is only possible using DC breaker (DCCB)s [5] or converters with fault blocking capability [6] . Additionally, selective and fast detection of faults is difficult for the protection algorithm, because it must be done in less than 5 milliseconds in order to have minimum damage in HVDC converter switches [7] and correctly detect the faulty section of the transmission grid. According to the mentioned challenges in the protection of VSC-MTDC grids, designing fast, accurate and selective fault detection algorithms is one of the important topics in the field of HVDC protection and is investigated in this study.
The majority of the latest literature studies in designing protection algorithms for VSC-MTDC grids are based on fault voltage or current traveling wave (TW)s [8] [9] [10] , harmonics-based algorithms [11, 12] , voltage or current transients [13] , the rate of change of voltage (ROCOV) and current (ROCOC) [14] and artificial intelligence (AI) based methods [15] . TW-based techniques give accurate fault detection results as the most feasible methods [16] . However, TW-based methods need high sampling and they are highly dependent on the initial peak of the fault waves. The advantage of transient-based techniques is having good selectivity in determining the faulty section. However, they are sensitive to noise, which exists in practical environment. The authors in [12] presented an overcurrent method to detect a certain range of frequencies in the fault current waves using the short-time Fourier transform (STFT). The proposed method gives reasonable fault detection results, but the selectivity of the proposed method is not verified for faults close to one of the measurement locations in the VSC-MTDC grid. As a matter of fact, overcurrent based methods simply targeting a certain range of frequencies may not have the required selectivity. Additionally, the parameter adjustment of the protection algorithm to cover all types of faults in the different locations of the grid is challenging. Other harmonic-based techniques, extract the existing harmonics in fault voltage and current waves in order to design protection algorithms, using different signal processing techniques like Wavelet transform (WT) [17, 18] . The authors in [19] proposed a harmonic-based protection technique for LCC-HVDC links. Various fault events applied to the system, and 12th, 24th, and 36th harmonics of the voltage of 12-pule converter used to design the fault detection algorithm. However, the defined method for LCC-HVDC is not applicable to VSC-HVDC grids. In another harmonic-based protection study, the authors used first carrier frequency harmonic (FCFH) current for designing fault detection algorithms for VSC-HVDC transmission systems [20] . The FCFH current of PWM converters has useful information for detecting faults in VSC-HVDC grids. However, the paper only studied the discrimination between external AC faults and internal DC faults in point to point (P2P) VSC-HVDC grids, which can not be used as a fault detection study for VSC-MTDC grids [20] .
Hilbert-Huang Transform (HHT), is a time-frequency signal processing method that can be used for electrical power system protection [21] . In HHT, firstly fault TWs are decomposed by the empirical mode decomposition (EMD) method, and the inherent mode functions (IMF) are extracted from the waves. In the second stage, the Hilbert transform (HT) is applied to the resulted EMDs to determine the instantaneous amplitude (IA), and instantaneous frequency (IF) of the IMF components [22] . With the help of IF, the arrival time of the initial peaks can be accurately detected. HHT has been used in different topics in electrical power systems [23] . HHT has advantages over Fourier transform (FT), and Wavelet transform (WT), as follows:
• WT and FT do not describe the frequency changing with time, while HHT gives the instant frequency of the transient waves with the most accurate results. FT gives signal information only in frequency resolution, and WT gives a time-frequency resolution with a trade-off between the accuracy in time or frequency. However, HHT gives signal information in time-instant frequency resolution in an accurate form.
•
In HHT the processed data are only dependent on the inherent characteristics of the signal, with no adjustments of the algorithm parameters, which result in more accurate and faster signal processing results. However, in WT, the signal is sifted according to the type of mother wavelet and the decomposition level, causing noticeable differences to the accuracy of the results.
This paper proposes a fault detection algorithm for VSC-MTDC grids, based on FCFH current, which exists due to the inherent characteristic of PWM converters [24] . FCFH currents are extracted by HHT from converter DC links with different circulating directions when there are faults in different zones of the system. The results show that the proposed fault detection technique is able to selectively detect the fault with different resistance and in various locations. A VSC-MTDC grid is modeled in PSCAD/EMTDC based on two-level, and three-level PWM voltage source converter (VSC)s and FCFH current is extracted in MATLAB using HHT. The structure of three-level VSCs brings high voltages with low harmonics without the use of transformer [25] . Accordingly, the contributions of this paper are as follows:
• Multiple faults with different characteristics and types, which involve one or both of the poles including high resistance faults are applied to the system to test the robustness of the method.
The proposed fault detection algorithm is selective and can accurately detect the faults in different locations of the VSC-MTDC grid regardless of the power flow of the system and the type of inner and outer control system in the HVDC grid.
• Unlike the TW-based methods, the proposed technique does not require to detect the second reflections. The noise sensitivity of the proposed algorithm is less than the transient-based methods, and the selectivity of the proposed technique is significantly higher than over current/over voltage-based methods. The mathematical calculations of the proposed scheme are simpler than AI-based techniques and are practically more feasible.
The remainder of this paper is written as follows: Section 2, explains the principle FCFH current analysis for internal and external faults in VSC-MTDC networks. Section 3 explains the proposed HHT-based protection algorithm. Section 4 gives the test system details and data with defined internal and external faults. The simulation results are depicted in Section 5, discussion about the results are proposed in Section 6 and the conclusions are given in Section 7.
Analysis of FCFH Current in VSC-MTDC Grids
The general form of harmonics generated in PWM modulations can be explained in the following form [26, 27] :
Equation (1) consists of four main parts:
• The first part is the PWM DC offset, claiming m = n = 0. • The baseband harmonics, which consists of the fundamental frequency component and also the low order frequency component (m = 0). • Carrier wave harmonics, which is the high-frequency component (n = 0).
•
The sideband harmonics around the carrier harmonic components, which is of interest in designing the proposed protection algorithm.
Normally, the baseband harmonics (the second and the third part) have very small neglectable amplitude. Considering the first carrier frequency harmonic defined as the value of unity for the carrier index (m = 1), the second and the fourth harmonics around FCFH (ω c ± 2ω 0 and ω c ± 4ω 0 ) are the dominant harmonics [25] . This general form of harmonics exists in the fault current, which flows into the transmission section and circulates into the converter DC link capacitors. This existing harmonics in the fault current is used to selectively detect the faulty transmission section in VSC-MTDC grids. Figure 1 shows the single line diagram of a radial VSC-MTDC transmission link. The converter DC link capacitors filter DC harmonics currents. Considering PWM switching for converters with the mentioned dominant harmonics, the parameters ω c and ω 0 are the first carrier wave frequency, and the reference frequency, respectively [28] . With the FCFH generation of PWM converters during fault conditions, and by usig the difference in the characteristics of FCFH current in different fault conditions, a criterion for designing selective fault detection algorithm for VSC-MTDC grids can be defined [20] .
Generally, two-level VSCs generate more harmonics and inter-harmonics than three level and multi-level converters, especially on high order harmonics. Although filtering installations exist on the AC side, a part of the harmonics and inter-harmonics flow into the HVDC transmission section, including FCFH harmonics in case of faults in either of DC and AC sides [29, 30] .
The flowing of FCFH current for external and internal faults is analyzed in the following section:
External Faults
When pole-to-pole (P2P) fault F 1 occurs in the zone 3 of the system depicted in Figure 1 as an external fault for the protective relays installed in zone 2, the fault current flow is depicted as the red arrows. During the fault condition, all converters generate FCFH currents. The fault harmonic currents I FR1 , I FR2 , I FR3 , and I FR4 , will flow through the DC link capacitors in a circular form. Considering the zone 2 positions of relays R P3 and R P4 installed after the DC link capacitors, the detection of FCFH current passing through DC link capacitors , namely I FC3 and I FC4 is not possible for the mentioned relays. Accordingly, the relays of zone 2 cannot detect external faults occurring in zones 1 and 3. 
Internal Faults
When the DC P2P fault F 2 occurs inside zone 2, the current flows are depicted in Figure 2 . Similar to the previous case, all converters generate FCFH currents. According to the circulating flow of I FC2 and I FC3 in zone 2, they will be detected by both protective relays R P3 and R P4 . However, the amplitude of fault harmonic currents depends on the location and the resistant of the fault.
The interesting scenarios of flowing of FCFH current are depicted based on time-instant frequency analysis later in Section 5. Some of the relay detection figures which are similar to the given figures, or the relay detection figures which are not of interest are skipped. The skipped figures mainly consist of the external relays, where IFC and IFR both rotate in DC link capacitor loop behind the relays.
This property of FCFH fault current in different fault situations can be extended to different locations of the transmission grid and can be used as a criterion for designing a selective fault detection technique for VSC-MTDC grids. The proposed method does not depend on the power flow of the system and it is valid for different fault types in the DC section, namely pole to pole (P2P), positive pole to the ground (PP2G) and negative pole to the ground (NP2G). However, a robust signal-processing technique is needed to detect the FCFH current characteristics accurately. It is handled by the Hilbert-Huang transform (HHT), which is explained in Section 3. 
The Hilbert-Huang Transform
Hilbert-Huang Transform (HHT), is a time-instant frequency signal-processing technique, which can be used for fault detection and localization in HVDC links. Using HHT, fault TWs will be decomposed by the empirical mode decomposition (EMD), and the inherent mode functions (IMF) will be extracted. Then, using the Hilbert transform, the instantaneous amplitude of the proper IMF component is calculated. Accordingly, HHT consists of two steps: EMD decomposition, and the Hilbert transform.
Empirical Mode Decomposition (EMD)
Empirical mode decomposition (EMD), introduced by Huang [31] is a sifting process, which decomposes the signal into several modes, similar to wavelet transform. Each IMF must satisfy two conditions:
(1) In the whole data window, the number of extremum points and zero-crossings points must be equal or different by one value.
(2) At any point, the mean value of the envelope defined by local maxima and the envelope defined by the local minima is zero.
The EMD decomposition for any signal s(t) is comprehensively explained in [32] . It is also included in the flowchart of the main algorithm in Figure 3 . In summary, the original signal s(t) can be expressed as follows:
where, c i (t) and r n (t) are the ith IMF component and the residue, respectively.
The Hilbert Transform
After decomposing the input signal into a series of IMFs, the instantaneous frequency of each IMF can be determined using the Hilbert transform. The corresponding Hilbert transform for IMF c i (t) is:
the summation of the input IMF and the transformed output, gives z(t) as:
where:
in the aforementioned equations, A i (t) and θ i (t) are instantaneous amplitude and phase for IMF c i .
The instantaneous frequency for IMF c i can be determined using:
The IMFs of fault current wave are extracted through EMD. Then, the corresponding instantaneous frequency and amplitude of IMF1 as the highest frequency component will be calculated using HHT.
Physical Interpretation of HHT
The main goal of using HHT is to have a different view of the time, frequency and energy properties of the signals. Using the signal-processing approach proposed by HHT, the non-stationarity of the fault current waves can be analyzed in a more accurate way than the constant amplitude and frequency principles used by FT and WT [33] . In the first step, the IMFs are extracted from the fault current waves using EMD method, which can decompose any array of data to a limited number of IMFs. The main reason of using EMD method as the first stage of HHT is that the principle of instant frequency, which means the detection of instant local phase changes, works best with the IMF resulted from EMD method than any other time-based arrays of data. According to the two conditional sentences for detecting IMFs through EMD, unlike the static amplitude and frequency of harmonic component detected by WT and FT, an IMF can have dynamic amplitude and frequency changing over time. To detect to IMFs using EMD, the local maxima and minima are detected in the data array. Then all detected local maxima and local minima are separately connected via cubic spline line, as the upper and the lower envelopes. Then the average of the signal is calculated and subtracted from the signal.
In the second stage, the instant frequency is calculated for the IMFs. The physical interpretation of the instant frequency is the rate of change of the instantaneous phase of the complex IMFs. In fact, IF is the rate of change of the cycle compared to the time axis.
The Proposed Harmonic Based Protection Algorithm
The complete flowchart of the proposed pilot protection scheme is given in Figure 3 . The algorithm starts with defining a moving window with 512 samples for all positive and negative pole relays installed on all sections. As the first step of HHT, the IMFs are calculated for the moving window and then the instant frequency is calculated. The instant frequency is used to detect any initial peaks regarding faults or transient disturbances. If the measured instant frequency ( f HM (t)) is bigger than the threshold setting instant frequency ( f HS (t)), the FCFH harmonic count is investigated using the instant amplitude. If the measured FCFH harmonic count in the instant amplitude (N HM ) is bigger then the defined threshold setting for the FCFH harmonic count (N HS ), then the candidate relays are detected for triggering and the transmission section between them is chosen as the faulty section. A sub-level for calculating IMFs is also included in the flowchart. 
The Test System and the Case Studies
In this study, a multi-terminal VSC-HVDC grid proposed in [34] is modeled in PSCAD/EMTDC, and further HHT-based signal processing scripts are written in MATLAB. The modeled VSC-MTDC system has a symmetric monopole topology with two different main cases with modified two-level and three-level PWM VSCs. The transmission sections are extruded HVDC cables with the radial dimensions shown in Figure 4 . Table 1 shows the parameters of the test system. There is a total of 12 relays in the system, each of them watching one side of a transmission cable. Four fault cases are applied as the main case studies. Several faults are also considered as sensitivity analysis for the proposed protection scheme. The fault parameters are given in Table 2 . Faults I and II are considered as external and internal faults for relays of zone 2 for the system two-level VSCs and faults III and IV are high impedance external and internal faults for relays of zone 2 for the system with three-level VSCs. 
Simulation Results
In this section the defined faults are applied to the model and the resulted waves are depicted. The test parameters are given in Table 3 : 
Case 1: Two-Level VSCs
In this case, Fault I and II are applied to the model with two-level PWM VSCs. Figures 5 and 6 depict the fault current waves for the positive pole and the corresponding HHT-based results for faults I and II, respectively. Table 4 shows the fault detection results for case 1. According to Table 4 none of the relays in zone 2 detected fault I, while all of them detected fault II as an internal fault for zone 2. 
Case 2: Three-Level VSCs
In the second case, Fault III and IV are applied to the model with three-level PWM VSCs. Figures 7  and 8 depict the fault current waves for the positive pole and the corresponding HHT-based results for faults III and IV, respectively. Table 5 gives the fault detection results for this case. According to Table 5 , none of the zone 2 relays, detected fault III as the internal fault for zone 2. The positive pole relays in zones 2 (R P3 and R P4 ) detected fault IV as an internal fault for zone 2, while zone 2 negative pole relays did not detect the fault. Accordingly, the fault is a positive pole to the ground fault for zone 2. 
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Sensitivity Analysis for Internal Faults
In this section, the impact of fault location and fault resistance is analyzed with more fault scenarios. Fault I is applied to zone 2 with different locations and impedances for in-depth analysis of the accuracy of the proposed protection scheme. Table 6 gives the fault parameters and the detection sample delays by HHT algorithm. All faults are detected successfully by HHT and the low sample delay in detecting the faults proves the accuracy of the protection scheme. 
Discussion
According to the results given in Sections 5, HHT detects the faults with a reasonable amount of sample delay. In fault I, the relays on zone 2 did not trigger, while all of them detected fault II as an internal fault for zone 2. The instant amplitude was higher than the threshold settings for fault II with the I HM values of 1.057, 1.1898, 0.8697 and 0.9659 p.u. for relays R P3 , R P4 , R N3 , and R N4 , respectively. The sample delays for this case are 1 and 2 samples. Accordingly, the proposed results are reasonably fast for this case.
Regarding the fault III, zone 2 relays did not trigger again due to being an external fault for zone 2. According to the results given in Table 5 , when fault IV which is a PP2G fault, happens to the system, the relays R P3 and R P4 detect the fault with I HM values of 0.9405 and 0.9547 p.u., respectively. The N HM count is also higher than the threshold setting, which is set according to ref [20] . The sample delay is 3 for both relays, which are reasonable according to the high impedance of the fault (100 Ω). Relays R N3 and R N4 did not detect the fault because the initial peaks of the negative pole did not meet the threshold setting for the mentioned zone 2 relays. For the fault scenarios given in Section 5.3, the most delayed detections are for faults V and VIII, which are applied to the longest possible distance from the measurement location. The sample delay range is from zero to 6 samples for a variety of internal faults, which will be fast enough for the protection algorithm to send the tripping signal to the DCCBs.
According to the sampling frequency used in all cases (100 kHz), each sample takes 10 µs. Based on the results given in Section 5, the most delayed case takes less than 100 µs, which proves that the proposed method is faster than a majority of the proposed algorithms in literature [36] [37] [38] . According to the sensitivity analysis, the proposed scheme gives accurate and selective results for faults very close or far from the measurement location. Due to the variations in the sample delays for different faults and systems resulted from various methods in the literature, exact comparison of the algorithm speed in detecting the fault may not be possible. However, some of the works with fault and simulations close to this study, are selected and the comparison of delay time with some of the methods in literature is shown in Table 7 . According to Table 7 , the low amount of time delay for the proposed method (<100 µs) and the improvements compared to most of the methods in literature, proves the speed and the selectivity of the proposed technique. It is worth mentioning eventhough that the time delay for the proposed method is only for the algorithm and is not included the DCCB operation, it is lower than the other proposed algorithms in the literature. The location of the fault can somehow be determined by HHT. Using the instantaneous amplitude and the instantaneous frequency of FCFH fault current does not give sufficient information to determine the fault location. However, by using the detected arrival time of the initial TWs by the instant frequency of HHT, it is possible to determine the fault location. The communication link used in the proposed pilot protection scheme can be used to detect the first initial peak on two sides of the faulty section.
Conclusions
This paper presented a harmonic-based pilot protection scheme for VSC-MTDC grids with PWM converters, using the FCFH current extracted from DC link current. According to the inherent characteristic of two-level and three-level PWM VSCs, FCFH currents have different flowing directions depending on the section of the fault compared to the converter DC link capacitors. Using This characteristic of PWM converters led to design of a selective pilot protection scheme. HHT is used to detect the instant frequency and the instant amplitude of the fault current waves to detect the initial occurrence of the fault and to count FCFH harmonic, respectively. Considering the internal and external faults for specific zones, the relays cannot detect FCFH currents for external faults, while for the internal faults, FCFH currents are clearly detected. Different fault types are simulated and the results are given. Based on the results, the proposed algorithm can truly discriminate between internal and external faults.
Further works consist of using FCFH current behavior for developing fault localization and busbar protection algorithms and include them into the main pilot protection scheme. Application of the proposed technique for MMC-based VSC-MTDC links with PWM switching systems may extend the feasibility of the work to a more range of practical VSC-MTDC grids. Funding: This research received no external funding.
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The residual component extracted by EMD in the last iteration.
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